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Our results close a major gap in our understanding of phloem development in root primary growth.It
is a good start for further studying the molecular mechanism of whole process of root vascular
development and patterning.lt also has strong theoretical guiding significance for future crop
breeding.

The regulatory mechanisms of phloem development are being uncovered. We find
that a series of phloem-enriched DOF transcription factors (P-Dofs) not only regulate the number of
procambium cell files, but also are necessary and sufficient for phloem differentiation.

Overexpression of phloem-Dofs induced cells that expressed either sieve element or companion cell
marker genes, which are mutually exclusive. Conversely, disruption of phloem-Dofs caused loss of
phloem. Phloem-Dofs induce CLE25/26/45 peptides, which in turn inhibit expression of phloem-Dofs and
phloem formation, forming a negative feedback loop. Disruption of multiple genes for either
phloem-expressed CLEs, BAM-class receptors, or their coreceptors, CIKs, caused excess formation of
phloem cell files. We further show that P-Dofs are under positive self and mutual regulation. These
positive and negative feedback loops create the proper phloem pattern. There are more redundant
DOFs, CLEs, and BAMs/CIKs involved in this pathway.
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Plant vascular tissues, phloem and xylem, differentiate in intricate patterns as an integra
transport system for water, nutrients and signaling molecules. Currently, the regulatory
mechanisms of vascular development are being uncovered. | have revised the developmental
patterning model of the primary growth of root vasculature, which is different from that of
secondary growth. In root tip, al xylem cell files were derived from xylem initia cells, but most
of al phloem, companion and procambium cells are originated from a single cell a phloem
poles. They divide through three orientations to produce phloem, companion and procambium
cells. The different cell division domains in primary and secondary growth implicate different
regul atory mechanisms.

In this study, we focus on a series of Dof-type transcription factors (named Phloem-Dofs,
P-DOFs) that are specifically expressed in the phloem precursor cells positively regulate
phloem development Similarly, there were two papers published in the year of 2019 about 7
members of DOF transcription factors (total 36) regulating vascular development in Arabidopsis
(Miyashima et al. 2019, Nature; Smet et a. 2019, Curr Biol). However, the detail functions of
these phloem-DOF and other DOFs, and a so their direct downstream targets are still unclear.

Through transcriptome analyses after induction of P-DOF genes, we found that CLE25 and
CLE26 (CLEs are CLAVATA/ESR peptide hormones) genes were quickly induced by P-DOFs,
suggesting that these two genes are good candidates as targets of P-DOFs in periclina cel
division of vascular development. We found that CLE25 and CLEZ26 are specifically expressed
in phloem region and the peptides repress phloem development. It was reported that 17
members of CLE peptides (total 27) can repress xylem and/or phloem development in
Arabidopsis vasculature (Kondo et a. 2010, PCP). These CLEs are mainly perceived by BAM
receptors from LRR-LRK XI| family and CIK co-receptors from LRR-LRK |1 family in vascular
development and root growth (Shinohara and Matsubayashi 2015, Plant J; Hu et al. 2017,
Nature Plants; Hazak et al 2017, EMBO Rep). However, the detail mechanism of this signaling
pathway is still unclear, because all the reported cle mutants and their receptor/coreceptor

mutants (bams and ciks) don’t show obvious defects in vascular development.

Based on our primary data, | propose a working hypothesis that there is a negative feedback
loop of CLE25/26-BAMs-Dofs signaling cascade in vascular development, and this signaling
loop is necessary for lateral inhibition to make the proper phloem patterning. My aimisto prove
this working hypothesis.

We created all marker lines of DOF transcription factors, CLE peptides and BAMS/CIKs
receptor/co-receptors, some inducible overexpression lines of DOFs and CLEs, and different
combination mutant lines of DOFs, CLES, BAMs and CIK s by using transgenic methods and
CRISPR methods. Then, through microscope analyses, we verified the expression patterns and
mutant phenotypes of these genes. To make sure the signaling pathway, we perform the genetic



analyses by creating different multiple mutants among dof, cle, banvcik. Also, we test the
ligand-receptor binding by using gel-filtration assay and ITC analysis.

In this study, we first found that a series of phoem-enriched DOF transcription factors
(phloem-Dofs) not only regulate the number of procambium cell files as previously reported,
but also are necessary and sufficient for phloem differentiation. Overexpression of
phloem-Dofs induced cells that expressed either sieve element or companion cell marker
genes, which are mutually exclusive. Conversely, disruption of phloem-Dofs caused loss of
phloem. These results clearly indicate that Phloem-Dofs are master regulators in whole
phloem development.

Phloem-Dofs induce CLE25/26/45 peptides, which in turn inhibit expression of
phloem-Dofs and phloem formation through a posttranscriptional regulation, forming a
negative feedback loop. CLE25/26/45 directly bind to BAM receptors, and CIKs should be
the coreceptors in this perception system. Disruption of multiple genes for either
phloem-expressed CLEs, or their BAM receptors and CIKs coreceptors, caused excess
formation of phloem cell files, indicating the lateral inhibition of CLE signalling in phloem
patterning. Genetic analyses also show that DOF-CLE-BAM/CIK act in the same pathway.

We further find that phloem-Dofs are under positive self and mutual regulation. These
positive and negative feedback loops create the proper phloem pattern (Fig.1).

Furthermore, we find that there are more redundant DOFs, CLEs, and BAMs/CIKs

involved in this pathway. Now these results are being further examined.
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Fig.1 The DOF-CLE circuit creates the phloem pattern.

(A) dof-sext mutants and CLE peptide treatment show decreased phloem files and sieve element differentiation,
and cle mutant show increased phloem files and abnormal phloem pattern. (B) DOF2.2 induces ectopic CLE25
expression. (C) CLE25 peptide represses DOF5.3 translational- but not transcriptional- expression. (D) Model for
the lateral inhibition of CLE25/26/45 during phloem development and patterning. The regulatory mechanisms for
both a CLE-DOF negative feedback loop and a positive feedback one (DOF mutual- and self-active regulation) in
coordinating phloem development and patterning in root tip.
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